We use Gaia DR2 astrometric and photometric data, published radial velocities and MESA models to infer distances, orbits, surface gravities, and effective temperatures for all ultra metal-poor stars ([Fe/H] < −4.0 dex) available in the literature. Assuming that these stars are old (> 11 Gyr) and that they are expected to belong to the Milky Way halo, we find that these 42 stars (18 dwarf stars and 24 giants or sub-giants) are currently within ∼ 20 kpc of the Sun and that they map a wide variety of orbits. A large fraction of those stars remains confined to the inner parts of the halo and was likely formed or accreted early on in the history of the Milky Way, while others have larger apocentres (> 30 kpc), hinting at later accretion from dwarf galaxies. Of particular interest, we find evidence that a significant fraction of all known UMP stars (∼ 26%) are on prograde orbits confined within 3 kpc of the Milky Way plane (J z < 100 km s −1 kpc). One intriguing interpretation is that these stars belonged to the massive building block(s) of the proto-Milky Way that formed the backbone of the Milky Way disc. Alternatively, they might have formed in the early disc and have been dynamically heated, or have been brought into the Milky Way by one or more accretion events whose orbit was dragged into the plane by dynamical friction before disruption. The combination of the exquisite Gaia DR2 data and surveys of the very metal-poor sky opens an exciting era in which we can trace the very early formation of the Milky Way.
INTRODUCTION
Ultra metal-poor (UMP) stars, defined to have [Fe/H] 1 < −4 dex (Beers & Christlieb 2005 ), are extremely rare objects lo-must be low-mass stars, however the minimum metallicity at which low-mass stars can form is still an open question (see Greif 2015 , and references therein). The search for, and study of, stars with the lowest metallicities are therefore important topics to answer questions on the masses of the first generation of stars and the universality of the initial mass function (IMF), as well as on the early formation stages of galaxies and the first supernovae (e.g., Frebel & Norris 2015 , and references therein). Careful studies over many decades have allowed us to build up a catalogue of 42 UMP stars throughout the Galaxy. Many of these stars were discovered in survey programs that were or are dedicated to finding metal-poor stars using some special pre-selection through prism techniques (e.g., the HK and HES surveys; Beers, Preston & Shectman 1985; Christlieb, Wisotzki & Graßhoff 2002) or narrow-band photometry (such as for instance the SkyMapper and Pristine survey programmes; Wolf et al. 2018; Starkenburg et al. 2017a ). Others were discovered in blind but very large spectroscopic surveys such as SDSS/SEGUE/BOSS (York et al. 2000; Yanny et al. 2009; Eisenstein et al. 2011) or LAMOST (Cui et al. 2012) .
From the analysis of cosmological simulations, predictions can be made for the present-day distribution of such stars in MW-like galaxies. Since these predictions have been shown to be influenced by the physics implemented in these simulations, we can use the present-day distribution to constrain the physical processes of early star formation. For instance, a comparison between the simulations of Starkenburg et al. (2017b) and El-Badry et al. (2018) indicates a clear sensitivity of the present-day distribution on the conditions applied for star formation and the modelling of the ISM.
In an effort to refine the comparison with models and unveil the phase-space properties of these rare stars, we combine the exquisite Gaia DR2 astrometry and photometry (Gaia Collaboration et al. 2018 ) with models of UMP stars (MESA isochrones and luminosity functions; Paxton et al. 2011; Dotter 2016; Choi et al. 2016, waps.cfa.harvard .edu/ MIST) to infer the distance, stellar properties, and orbits of all 42 known UMP stars. This paper is organised as follows: Section 2 explains how we put our sample together while Section 3 presents our statistical framework to infer the distance, effective temperature, surface gravity, and orbit of each star in the sample using the Gaia DR2 information (parallax, proper motion, and G, BP , and RP photometry). The results for the full sample are presented in Section 4 and we discuss the implications of the derived orbits in Section 5 before concluding in Section 6. We refer readers who are interested in the results for individual stars to Appendix A, in which each star is discussed separately.
DATA
We compile the list of all known ultra metal-poor ([Fe/H] < −4.0 dex), hyper metal-poor ([Fe/H] < −5.0 dex), and mega metal-poor ([Fe/H] < −6.0 dex) stars from the literature building from the JINA catalogue (Abohalima & Frebel 2018) , supplemented by all relevant discoveries. The literature properties for these stars are listed in Table 1 . We crossmatch this list with the Gaia DR2 catalogue 2 (Gaia Collaboration et al. 2018) in order to obtain the stars' photometric and astrometric information. This is listed in Table 2 .
Some stars were studied in more than one literary source, with different methods involving 1D or 3D models and considering the stellar atmosphere at Local Thermodynamic Equilibrium (LTE) or non-Local Thermodynamic Equilibrium (non-LTE), leading to dissimilar results on metallicity and stellar parameters. In this paper, when multiple results are available, we report in Table 1 preferentially results including 3D stellar atmosphere and/or involving non-Local Thermodynamic Equilibrium (non-LTE) modelling. If all results are in 1D LTE, we favour the most recent results.
When the UMP stars are recognised to be in binary systems and the orbital parameters are known (see Table 1 ), the reported radial velocity is the systemic value that is corrected for the binary orbital motion around the centre of mass.
Assuming that all stars in our sample are distant, we consider that all the extinction is in the foreground. Therefore, all stars are de-reddened using the Schlegel, Finkbeiner & Davis (1998) extinction map as listed in Table 1 and the Marigo et al. (2008) coefficients for the Gaia filters based on Evans et al. (2018) , i.e.
Extinction values remain small in most cases (Table 1) . We assume that the distance between the Sun and the Galactic centre is 8.0 kpc, that the Local Standard of Rest circular velocity is Vc = 239 km s −1 , and that the peculiar motion of the Sun is (U0 = 11.10 km s −1 , V0 + Vc = 251.24 km s −1 , W0 = 7.25 km s −1 ) as described in Schönrich, Binney & Dehnen (2010) .
INFERRING THE PROPERTIES OF STARS IN THE UMP SAMPLE

Distance inference
It is ill advised to calculate the distance to a star by simply inverting the parallax measurement (Bailer-Jones 2015), especially for large relative measurement uncertainties (e.g., δ / > 0.2) and negative parallaxes. Therefore, we infer the probability distribution function (PDF) of the heliocentric distance to a star by combining its photometric and astrometric data with a sensible MW stellar density prior. Following Bayes' rule (Sharma 2017), the posterior probability of having a star at a certain distance given its observables Θ (e.g., photometry, metallicity, parallax) and a model M is characterised by its likelihood L(Θ|M) and the prior P(M). The likelihood gives the probability of the set of observables Θ given model M, whereas the prior represents the knowledge of the model used for the representation of a phenomenon. With these notations,
P(M|Θ) ∝ L(Θ|M)P(M).
In this work, the model parameters are M = {µ = 5 log(r) − 5, A}, with µ the distance modulus of the star, r the distance to the star, and A its age. The observables Θ can be split into the Gaia photometric observables Θ phot = {G0, BP0, RP0, δG, δBP , δRP } and the Gaia astrometric (parallax) observables Θastrom = { , δ }, with δx the uncertainty associated with measurement x. Assuming that the photometric and astrometric information on the star are independent, Equation (4) becomes P(M|Θ) ∝ L phot (Θ phot |M)Lastrom(Θ |M)P(M). (5) 3.1.1 L phot (Θ phot |M)
In order to determine the photometric likelihood of a given star for a chosen µ and A, we rely on the isochrone models from the MESA/MIST library (Paxton et al. 2011; Dotter 2016; Choi et al. 2016) , as they are the only set of publicly available isochrones that reach the lowest metallicity ([Fe/H] = −4.0 dex) and is therefore the most appropriate for our study.
Any isochrone, I, of a given age, A, associated with a luminosity function 3 Φ(MG|A), predicts the density distribution triplet of absolute magnitudes p(MG, MBP , MRP |I, Φ) in the Gaia photometric bands. After computing the likelihood p(Θ phot |MG, MBP , MRP , µ), of these predictions shifted to a distance modulus µ, against the observed photometric properties of the star, L phot results from the marginalization along that isochrone: 
and N (x|m, s 2 ) the value of a Gaussian function of mean m and variance s 2 taken on x. In Equation (7), a systematic uncertainty of 0.01 mag is added to the photometric uncertainties in each band to represent the uncertainties on the models.
For most stars, we expect to find two peaks in L phot (Θ phot |M), corresponding to the dwarf and giant solutions but stars close to the main sequence turnoff naturally yield a PDF with a single peak.
Lastrom(Θ |M)
Gaia DR2 provides us with a parallax and its uncertainty δ , which is instrumental in breaking the dwarf/giant distance degeneracy for most stars. The astrometric likelihood is trivially defined as Lastrom( |δ , r) = 1 √ 2πδ exp − 1 2
(8) Here, 0 = −0.029 mas is the parallax zero-point offset measured by Lindegren et al. (2018) .
Even in cases for which the parallax is small and the associated uncertainties are large, the Gaia data are often informative enough to rule out a nearby (dwarf) solution.
P(M)
Prior on the distance and position (r| , b) -The prior on the distance and position to the star folds in our knowledge of the distribution of UMP stars around the MW. Since we expect those stars to be among the oldest stars of the MW and (likely) accreted, we first assume a halo profile. In particular, we use the RR Lyrae density power-law profile inferred by Hernitschek et al. (2018) , ρ(r) ∝ r −3.4 , since RR Lyrae stars are also expected to be old halo tracers.
From this stellar density profile, the probability density to have a star at distance r from the Sun along the line of sight described by Galactic coordinates ( , b) is PH(r| , b) = ρ0r 2 DGC(r| , b) r0
In this equation, DGC(r| , b) is the distance of the star to the Galactic centre, while ρ0 and r0 are reference values for the density and the scale length of the halo. For this work, the specific values of ρ0 and r0 will not affect the result because they will be simplified during the normalisation of the posterior PDF.
Anticipating the results described in Section 4, we find that, even when using a pure halo prior, ∼ 26% of our sample remains confined to the MW plane and the distance inference for a small number of stars yields unrealistic (unbound) orbits. Hence we repeat the analysis described with a mixture of a thick disc and a halo prior to investigate if, and how, the choice of the prior affects our results. This alternative MW prior is defined as PDH(r| , b) = ηPD,norm(r| , b) + (1 − η) PH,norm(r| , b) , (10) with η = 1/2 the mixture coefficient, PH,norm(r| , b) the normalised halo prior expressed in Equation (9), and PD,norm(r| , b) the normalised thick disc prior defined by Binney & Tremaine (2008) :
with ΣT = 268.648M pc −2 the disc surface density, DT = 2 kpc the radial scale length for the density and zT = 0.9 kpc the vertical scale length (Bland-Hawthorn & Gerhard 2016) .
Prior on the age A, P(A) -There is no well defined age constraint for UMP stars but they are usually assumed to be very old (Starkenburg et al. 2017b ). Hence we assume that all the stars studied here were formed at least 11.2 Gyr ago (log(A/yr) = 10.05). Beyond this age, we assume a uniform prior on log(A) until 14.1 Gyr (log(A/yr) = 10.15), which is the maximum value of the isochrone grid.
Finally, P(M) = P(r| , b)P(A).
Posterior PDF on distance r
So far, M = {µ, A} but we aim to infer the PDF on the distance modulus (or the distance) to the star alone. In order to do so, we simply marginalise over the age:
assuming µ ≥ 0 mag (r ≥ 10 pc).
Effective temperature and surface gravity inference
For each point of the theoretical isochrones I(A, µ) corresponds a value of the surface gravity, log(g), and a value of the effective temperature, T eff . Marginalising the likelihood and prior over distance modulus and age instead of over the isochrone as in Equation (6), we can find the posterior probability as a function of log(g) and T eff . In detail,
Orbital inference
Gaia DR2 provides proper motions in right ascension and declination with their associated uncertainties and covariance. Combining this with the distance inferred through our analysis, we can calculate the velocity vector PDF P (v) = P (vr, vα, v δ ) for all 42 stars in our UMPs sample. This PDF, in turn, allows us to determine the properties of the orbit of the stars for a given choice of Galactic potential. We rely on the galpy 4 package (Bovy 2015) and choose their MWPotential14, which is a MW gravitational potential composed of a power-law, exponentially cut-off bulge, a Miyamoto Nagai Potential disc, and a Navarro, Frenk & White (1997) dark matter halo. A more massive halo is chosen for this analysis, with a mass of 1.2 · 10 12 M compatible with the value from Bland-Hawthorn & Gerhard (2016) (vs. 0.8 · 10 12 M for the halo used in MWPotential14 ). For each star, we perform a thousand random drawings from the position, distance, radial velocity, and proper motion PDFs. In the case of the two components of the proper motion (µα, µ δ ), we consider their correlation given by the coefficients in Gaia DR2, drawing randomly these two parameters according to a multivariate gaussian function that takes into account the correlation. The possible correlation between coordinates and proper motions is not taken into account because it does not affect our result. For each drawing, we integrate this starting phase-space position backwards and forwards for 2 Gyr and extract the apocentre, rapo, pericentre, rperi, eccentricity, , energy E, the angular momentum L of the resulting orbit (note that in this frame of reference, Lz > 0 means a prograde orbit), and the action-angle vector (Jr, J φ = Lz, Jz, where the units are in km s −1 kpc).
RESULTS
Tables 3 and 4 summarise the results of the analysis and list the inferred stellar and orbital properties for all stars, respectively. In cases for which the (distance) PDF is doublepeaked, we report the two solutions, along with their fractional probability. Figure 1 shows the colour-magnitude diagram (CMD) and the temperature-surface gravity diagram for our UMP sample, plotted with three isochrones that cover the age range we considered (log(A/yr) = 10.05, 10.10, 10.15). For stars for which the dwarf/giant degeneracy is not broken, we show both solutions connected by a dot-dashed line, where the least probable solution is marked with a dot-dashed ellipse. Only results using a MW halo prior are shown here. As we can see, from the CMD plot (left panel of Figure 1 ), the method overall works well, except for the HE 0330+0148 ((BP − RP )0 ≈ 1.6 mag) that lays outside the colour range of the available set of isochrones. This special case is discussed in more detail in section A13. The distances and stellar parameters lead to the conclusion that 18 stars (∼ 43%) are in the main sequence phase, and the other 24 are in the subgiant/giant phase (∼ 57%). This is of course a result of the observing strategies of the multiple surveys that led to the discovery of these stars.
For all 42 stars in our sample, we show the results of our analysis in Figures A1 to A42 . In all figures, the top-left panel shows the distance likelihood functions and posterior PDFs, the top-middle panel presents the log(g) PDF, while the top-right panel shows the effective temperature PDF. The orbit of the star in Galactic cartesian coordinates is presented in the bottom panels of the figures.
In the subsections of Appendix A, we discuss in detail the results for every star in the sample sorted by right ascension. Specifically, we focus on the inferred distances, stellar parameters, and orbits using a MW halo prior and, when it yields different results, we also discuss the use of the disc+halo prior. A global comparison between the inferred stellar parameters form our work and the values from literature is described in Appendix B and shown in the two panels of Figure B1 .
We did a comparison between the distances inferred in this work and the ones inferred by Bailer-Jones et al. (2018) . These authors use a posterior probability composed by the astrometric likelihood shown in Equation (8) and a MW prior that is based on a Gaia-observed Galaxy distribution function accurately describing the overall distribution of all log(g) Figure 1 . Position of the sample stars in the CMD (left) and the log(g) vs. T eff plane (right). The ellipses represent the position of the stars within 1 sigma and the black lines correspond to the three isochrones with log(A/yr) = 10.05, 10.10, 10.15 and metallicity [Fe/H] = −4 dex. If the dwarf-giant degeneracy is not broken, the two possible solutions are represented and connected by a dot-dashed line of the same colour code. Each colour represents a star and the colour-code is the same as the colour-code for the markers in Figure 2 and the panel's titles in Figures A1 -A42. Solutions with integrated probability ( d+3σ d−3σ P (r)dr) lower than 5% are not shown and solutions with integrated probability in the range [5%, 50%] are shown with dot-dashed ellipses.
MW stars. This is naturally more biased to higher densities in the thin disc and thus results in closer distances for most of the stars. Frebel et al. (2018) compiled a list of 29 UMP stars inferring orbital parameters starting from the MW prior described in Bailer-Jones et al. (2018) but fixing the lengthscale parameter to L = 0.5. As both the initial assumptions and the focus of the analysis given in Frebel et al. (2018) significantly differ from the approach taken in this work, we refrain from a further qualitative comparison.
DISCUSSIONS
Our combined analysis of the Gaia DR2 astrometry and photometry with stellar population models for low metallicity stars allows us to infer the stellar parameters and orbital properties of the 42 known UMP stars. We derive well constrained properties for most stars and, in particular, we are now in a position to unravel the possible origin of the heterogeneous sample of UMP stars found to date.
Insights on the orbits of UMP stars
Apart from 2 ambiguous cases, we can classify the orbits of the UMP stars within three loosely defined categories:
• 19 "inner halo" stars, arbitrarily defined as having apocentres smaller than 30 kpc
• 12 "outer halo" stars with apocentre larger than 30 kpc • strikingly, 11 stars that have "MW plane" orbits, by which we mean that they stay confined close to the MW plane (|Z| < 3.0 kpc).
Figure 2 attempts to show these different kind of orbits, displaying on the top panel the vertical component of the action-angle Jz versus the rotational component J φ (= Lz) for all the UMP in our sample. In this space, the stars confined to the MW plane (denoted by a star marker) are constrained to the lower part of the diagram, while the halo stars have larger Jz. Stars that have a prograde motion have J φ > 0 and stars with retrograde orbits lie in the J φ < 0 part of the diagram. We note how the Caffau star (SDSS J102915+172927) and 2MASS J18082002-5104378 occupy a special place in this plane and they are Stars with our "MW planar" sample that are confined close to the MW plane are marked with a star symbols, while "inner halo" and "outer halo" stars are represented by circles and squares, respectively. Retrograde stars, which are located on the left side of the top and central panels (J φ < 0 km s −1 kpc) are denoted with empty marker, while prograde stars are shown with a filled marked. The colourcoding is the same as in Figure 1 and as the title of Figures A1 -A42 and helps to differentiate the stars. The full legend is provided on the side of this Figure. The number associated to each star also corresponds to the number of the subsection in the Appendix A in which the individual results are discussed.
the only stars on a quasi-circular orbit at large J φ and low Jz.
It is appealing to assign a tentative origin to stars in these three categories. The "inner halo" stars could well be stars accreted onto the MW during its youth, when its mass was smaller and, therefore, its potential well less deep than it is now. At that time, more energetic orbits would have been unbound and left the MW in formation. "Outer halo" orbits tend to have very radial orbits in this sample (likely a consequence of the window function imparted by the various surveys that discovered these UMP stars; see below), which makes it easier to identify them. It is tempting to see those as being brought in through the accretion of faint dwarf galaxies onto the MW throughout the hierarchical formation of its halo. Although no UMP has been found in MW satellite dwarf galaxies yet, we know of many extremely metal-poor stars in these systems, down to [Fe/H]= −4 (e.g., Tafelmeyer et al. 2010) and UMP stars are expected to be present as well (Salvadori, Skúladóttir & Tolstoy 2015) . We note that, among the two "halo" categories, there is a distinct preference for prograde over retrograde orbits.
The 11 "MW plane" orbits are much more unexpected:
• 8 stars (SDSS J014036.21+234458.1, BD+44 493, HE 0233-0343, HE 0330+0148, HE 1012-1540, SDSS J103402.70+070116.6, LAMOST J125346.09+075343, SDSS J164234.48+443004.9) share similar rosette orbits within a wide range of angular momentum along the z axis (83 ∼ < Lz ∼ < 885 km s −1 kpc). These stars orbit close to the plane, but not on circular orbits.
• SDSS J102915+172927 and 2MASS J18082002-5104378 ( Figures A19 and A35 ), are on almost circular orbits close to the solar radius.
• SDSS J174259.67+253135.8 ( Figure A34 ) is retrograde and more likely on an "inner halo" orbit that remains close to the MW plane.
The first ten of those stars, excluding SDSS J174259.67+253135.8, all have positive Lz and thus a prograde orbit, which is unlikely to be a random occurrence (< 1% chance). It is worth noting that it is very unlikely the selection functions that led to the discovery of the UMP stars biased the sample for/against prograde orbit. The origin of those stars is puzzling but we can venture three different hypothesis for their presence in the sample, all of which must account for the fact that this significant fraction of UMP stars, which are expected to be very old, appears to know where the plane of the MW is located, even though the MW plane was unlikely to be in place when they formed.
Scenario 1: The first obvious scenario is that these stars formed in the MW disc itself after the HI disc settled. In this fashion, the stars were born with a quasi-circular orbit and then the presence of a dynamical heating mechanism is mandatory to increase the eccentricity and the height from the plane as a function of time. We find that all the prograde "MW plane" stars and few catalogued as inner halo stars that are confined within Zmax < 15 kpc and dapo < 25 kpc (see Figure 2 ) overlap in the parameters space (Zmax, dapo, Lz, E) with a population of known stars at higher metallicity that Haywood et al. (2018) hypothesise to be born in the thick disc and then dynamical heated by the interaction between the disc and a merging satellite. However, the question is whether in a relatively well-mixed HI disc it is possible to form stars so completely devoid of metals.
Scenario 2: The second scenario is that these stars were brought into the MW by the accretion of a massive satellite dwarf galaxy. Cosmological simulations have shown that merger events are expected to sometimes be aligned with the disc. As a result, significant stellar populations currently in the disc might actually be merger debris (Gómez et al. 2017) . Alternatively, Scannapieco et al. (2011) , show that 5-20% of disc stars in their simulated MW-like disc galaxies where not formed in situ but, instead, accreted early from now disrupted satellites on co-planar orbits. Additionally, it is well known that the accretion of a massive system onto the MW will see its orbit align with the plane of the MW via dynamical friction, as shown by Abadi et al. (2003) or Peñarrubia, Kroupa & Boily (2002) . From these authors' simulations, one would expect orbits to become such that they would end up with larger eccentricities than the satellite's orbit at the start of the merging process and also aligned with the disc by dynamical friction and tidal interactions, which is compatible with our orbital inference for the remarkable UMP stars. If such an accretion took place in the MW's past, it could have brought with it a significant fraction of the UMP stars discovered in the solar neighbourhood. The accretion of the so-called Gaia-Enceladus satellite in the Milky Way's past (Belokurov et al. 2018; Haywood et al. 2018; Helmi et al. 2018) could be an obvious culprit, however Gaia-Enceladus was discovered via the mainly halo-like and retrograde orbit of its stars whereas the vast majority of the stars we find here are on prograde orbits. In fact, there is no evidence of a particular overdensity of stars in the top-left region of the Jz vs. J φ of Figure 2 where Gaia-Enceladus stars are expected to be found. It would therefore be necessary to summon the presence of another massive or several less massive accretion events onto the MW if this scenario is valid.
Scenario 3: Finally, the third scenario that could explain the presence of this significant fraction of UMP stars that remain confined to the plane of the MW would be one in which these stars originally belonged to one or more of the building blocks of the proto-MW, as it was assembling into the MW that we know today. Fully cosmological simulations confirm that stars that are at the present time deeply embedded in our Galaxy do not need to have their origin in the proto-Galaxy. El-Badry et al. (2018) find in their cosmological simulations that, of all stars formed before z = 5 presently within 10 kpc of the Galactic centre, less than half were already in the main progenitor at z = 5. Over half of these extremely old stars would thus make their way into the main Galaxy in later merging events and find themselves at z = 5 inside different building blocks that are up to 300 kpc away from the main progenitor centre. In such a scenario, we can expect that whatever gas-rich blocks formed the backbone of the MW disc brought with it its own stars, including UMP stars. Yet, for such a significant number of UMP stars to align with the current MW plane, it is necessary to assume that the formation of the MW's disc involved a single massive event that imprinted the disc plane that is aligned with the orbit of its stars. The presence of many massive building blocks would have likely led to changes in the angular Hi disc alignment. Similarly, the MW cannot have suffered many massive accretions since high redshift or the disc would have changed its orientation (Scannapieco et al.
2009
). This would be in line with expectations that the MW has had an (unusually) quiet accretion history throughout its life (Wyse 2001; Stewart et al. 2008) .
The Caffau star and 2MASS J18082002-5104378
SDSS J102915+172927 (see Figure A19 ), also known as "the Caffau star" (Caffau et al. 2011) , and 2MASS J18082002-5104378 (see Figure A35 ) both have a disc-like prograde orbit but while the Caffau Star reaches a height of 2.3 kpc from the MW plane, the latter star is confined within 0.166 kpc, confirming the results from Schlaufman, Thompson & Casey (2018) . Both stars represent outliers inside the surprising sample of "MW planar" stars that typically have more eccentric orbits. For these stars, scenario 3, as outlined above, might be an interesting possibility. A merging between the building blocks of the proto-MW could have brought in these UMP stars and their orbit circularised by dynamical friction.
Coincidence with the Sagittarius stream
We note that four of the "halo" stars (SDSS J092912.32+023817.0, SDSS J094708.27+461010.0, Pristine221.8781+9.7844 and BPS CS 22885-0096) have orbits that are almost perpendicular to the MW plane (see Figures A16, A17 , A31, and A37), coinciding with the plane of the stellar stream left by the Sagittarius (Sgr) dwarf galaxy as it as being tidally disrupted by the MW. We therefore investigate if these stars belong to the stream by comparing their proper motions and distances with the values provided by the N-body simulation of Law & Majewski (2010) , hereafter LM10 (see Figure 3) . It is clear that SDSS J094708.27+461010.0 has a proper motion that is incompatible with the simulation's particles. On the other hand, we find that SDSS J092912.32+023817.0, Pristine221.8781+9.7844, and BPS CS 22885-0096 have proper motions that are in broad agreement with those of the simulation. These stars could be compatible with the oldest wraps of the Sgr galaxy but we are nevertheless cautious in this assignment since only the young wraps of the stream were constrained well with observations in the Law & Majewski (2010) model. Older wraps rely on the simulation's capability to trace the orbit back in the MW potential, that is itself poorly constrained and has likely changed over these timescales, and the true 6D phase-space location the older warps could therefore easily deviate significantly from the simulation's expectations. the similarity of the orbits is intriguing enough to warrant further inspection.
Limits of the analysis and completeness
The heterogeneous UMP sample comes from multiple surveys conducted over the years, with their own, different window functions for the selection of the targets and it can thus by no means be called a complete or homogeneous sample.
To reconstruct the full selection function of this sample is nearly impossible since it includes so many inherited window functions from various surveys and follow-up programs.
As far as we can deduce, however, none of the programs would have specifically selected stars on particular orbits. We therefore consider the clear preference of the UMP star population for orbits in the plane of the MW disc a strong result of this work but we caution the reader not to consider the ratio of "inner halo," "outer halo," and "MW plane" orbits as necessarily representative of the true ratios, which will require a more systematic survey to confirm. We note that due to the different abundance patterns of these stars, [Fe/H] is not always a good tracer of the total metallicity [M/H]. However, not all stars in this sample are equally well-studied and therefore constraints on [M/H] are inhomogeneous. This has led us to nevertheless choose a cut on [Fe/H] as this is the common quantity measured by all the cited authors.
Another limitation of this work comes from the isochrones we use, which are the most metal-poor isochrones available in the literature at this time and have [Fe/H]= −4 dex with solar-scaled α-abundances. Beyond the fact that some stars in our sample are significantly more metal-poor than this, not all stars follow this abundance pattern and as a result their total metal-content can change, in turn affecting the colour of the isochrones. We estimate, however, that this will be a small effect at these low metallicities, as low-metallicity isochrones are relatively insensitive to small variations in metallicity, and take this into account adding a systematic uncertainty of 0.01 mag in quadrature to the model (see Section 3.1.1). This is unlikely to affect the final results on the evolutionary phase and the typology of the orbits. A final potential limitation of this work stems from the possible binary of some of the studied stars. If, unbeknownst to us, a star is in fact a binary system whose component are in the same or a similar evolutionary phase, their photometry would not be representative of their true properties and our distant inference would be biased. Similarly a binary star would like have its velocity be affected, leading to flawed orbital parameters. For known binary stars, we nevertheless take these effects into account and our distance and orbital inference should not be severely affected by this binarity issue.
Future outlook
As described in 5.2, the current sample and analysis of their dynamics is quite limited by an unknown and complicated selection function. With proper motion, parallax, and the exquisite photometry from Gaia DR2, we plan to apply the same bayesian framework described in Section 3 to all the EMP stars within the Pristine survey (Starkenburg et al. 2017a) to investigate their stellar properties and orbits. As the completeness and purity of this sample is very well understood (Youakim et al. 2017 ) and this sample is much larger, this will open up more quantitative avenues to explore the role of extremely metal-poor stars in the big picture of the accretion history of the MW.
CONCLUSIONS
Combining the Gaia DR2 photometric and astrometric information in a statistical framework, we determine the posterior probability distribution function for the distance, the stellar parameters (temperature and surface gravity), and the orbital parameters of 42 UMPs (see Tables 3 and 4 ). Given that 11 of those stars remain confined close to the MW plane, we use both a pure halo prior and a combined disc+halo prior. Folding together distance posterior and orbital analysis we find that 18 stars are on the main sequence and the other 24 stars are in a more evolved phase (subgiant or giant).
Through the orbital analysis, we find that 11 stars are orbiting in the plane of disc, with maximum height above the disc within 3 kpc. We hypothesise that they could have once belonged to a massive building blocks of the proto-MW that formed the backbone of the MW disc, or that they were brought into the MW via a specific, massive hierarchical accretion event, or they might have formed in the early disc and have been dynamically heated. Another 31 stars are from both the "inner halo" (arbitrarily defined as having rapo < 30 kpc) and were accreted early on in the history of the MW, or the "outer halo" hinting that they were accreted onto the Galaxy from now-defunct dwarf galaxies. Of these halo stars, SDSS J092912.32+023817.0, Pristine221.8781+9.7844 and BPS CS 22885-0096, could possibly be associated with the Sagittarius stream, although they would need to have been stripped during old pericentric passages of the dwarf galaxy. SDSS J174259.67+253135.8 could also possibly be associated with ωCen as its progenitor.
The work presented here provides distances, stellar parameters, and orbits for all known UMP stars and, hence, some of the oldest stars known. To understand their position and kinematics within the Galaxy it is very important to reconstruct the early formation of the MW and/or the hierarchical formation of some of its components. We foresee a statistical improvement of this first study with the arrival of homogeneous and large datasets of EMP stars, such as observed within the Pristine or SkyMapper surveys (Starkenburg et al. 2017a; Wolf et al. 2018) . With these surveys, the window function and the selection criteria of the objects for which distances and orbits are derived will be much better known. Arentsen et al. (2018) , the vr values for binary systems denoted with a are the systemic radial velocities corrected for the binary orbital motion. vr values for stars that are not known to be in a binary system and from the compilation of Arentsen et al. (2018) are calculated with a weighted average of all the vr measurements. E(B-V) is from Schlegel, Finkbeiner & Davis (1998) . In case the star is in a binary system, the binarity flag is equal to Y, while stars labelled with N are not in a binary system or the binarity is not known. Table 3 . Inferred stellar parameters for the stars in the sample. Distances D, effective temperatures T ef f and surface gravities log(g) obtained in this work for the UMPs sample. If a second peak in the PDF is present, an estimate of the subtended area around the two peaks within ±3σ is shown (Area=
The column Prior indicates the MW prior used for inferring the parameters (i.e. H means halo prior, D+H indicates the disc+halo prior). Figure A1 shows our results for HE 0020-1741, an ultra metal-poor star studied by Placco et al. (2016) . Even if the parallax from Gaia DR2 has a large uncertainty ( = 0.1456 ± 0.0384 mas; red solid line for the MW halo prior and a red dot-dashed line for the disc+halo prior in the top-left pane), it is enough to break the dwarf/giant degeneracy obtained from the photometric solution (black line).
The final PDFs are shown, using the MW halo prior and the disc+halo prior, respectively as the solid blue and the dot-dashed blue curves in that panel and, in both cases, the final scenario is a giant located at 10.3 ± 0.4 kpc. The stellar parameters we infer are in agreement with the values from the literature. In the lower panels of Figure A1 , both the orbits calculated from the inferred distances from the PDF and Gaia astrometry only are shown, respectively marked by the blue and the red lines. The orbital parameters relative to the distance PDF represent an unbound orbit, while the Gaia astrometric distance leads to a more benign orbit that remains in the inner part of the MW halo.
A2 SDSS J0023+0307
Figure A2 summarises our results for SDSS J0023+0307, which is a mega metal-poor star found by Aguado et al. (2018a) . The Gaia parallax is not very informative ( = 0.2697 ± 0.1406 mas; red solid line for the MW halo prior and a red dot-dashed line for the disc+halo prior in the topleft panel) and cannot break the dwarf/giant degeneracy inherent to the photometric solution (black line). It is nevertheless entirely compatible with that inference. The final PDFs are shown, using the MW halo prior and the disc+halo prior, respectively as the solid blue and the dot-dashed blue curves in that panel and, in both cases, yields a more likely dwarf solution at 2.71 ± 0.14 kpc along with a less likely subgiant solution at 11.03 ± 0.73 kpc. The stellar parameters we infer for the most likely dwarf solution are entirely compatible with the literature values. Combined with the exquisite Gaia proper motions, the two distance solutions yield drastically different orbits. The sub-giant distance peak implies an unbound orbit that is shown in orange, while the (more likely) dwarf solution produces a more benign orbit that remains within the inner MW (shown in blue), supporting the distance of the latter solution as the valid one. While eccentric, this orbit surprisingly remains confined close to the MW plane (|Z| < 5.0 kpc)
A3 HE 0044-3755
HE 0044-3755 is an ultra metal-poor star studied by Cayrel et al. (2004) and our results for this star are shown in Figure A3 . The distance PDF constrains the distance to 5.70 ± 0.25 kpc. This result leads to a giant solution that is Table 4 . Inferred orbital parameters of the stars in the sample. Position (X,Y,Z), the apocentre and pericentre distances in the galactocentric frame, the velocity (U,V,W) in the heliocentric frame, the eccentricity = (rapo − r peri )/(rapo + r peri ) of the orbit, the z-component of the angular momentum, the energy and the kind of orbit (IH = inner halo with rapo < 30 kpc, OH = outer halo with rapo > 30 kpc, P = close to the MW plane, S = possible Sgr stream member, ω = possible ωCen member) are listed. For the unbound orbits, all the orbital parameters and the kind of orbit are denoted by NB. 
A4 HE 0057-5959
Our results for HE 0057-5959 are shown in Figure A4 , taking the literature values from Norris et al. (2013) . From the distance PDF, we see a disagreement between the photometric and the astrometric likelihoods, which we cannot trace to any obvious source, but the astrophysical parameter inference is compatible with the literature values. For this giant, we show the orbit inferred both from our full astrometric and photometric analysis (blue orbit) and when using only the Gaia astrometry with the MW prior (red orbit). In both cases, HE 0057-5959 remains in the inner region of the MW halo (apocentre < 30 kpc).
A5 HE 0107-5240
HE 0107-5240 is likely a binary system (Arentsen et al. 2018) discovered by radial velocity variation. Its spectrum does not present double lines indicating that the light is not polluted by the secondary. It is a hyper metal-poor star analysed by Christlieb et al. (2004) . Our results are shown in Figure A5 and we infer a distance of 14.3±1.0 kpc, corresponding to the giant solution because the probability of the dwarf solution is entirely suppressed by the Gaia parallax information. Our values for surface gravity and effective temperature are in perfect agreement with the literature values. The orbit of this star is typical of an eccentric halo orbit and remains within 15.9
+1.0 −0.9 kpc.
A6 HE 0134-1519
Our analysis of HE 0134-1519 ) is shown in Figure A6 . This is another case for which the astrometric and photometric likelihoods disagree, yielding very different orbits, even though it is clear this star is a giant, in agreement with the literature. Both orbital solutions are indicative of a halo star, but the closer Gaia-only distance solution yields an orbit that remains much closer to the Galactic center (apocentre of 25.7
+4.6 −1.7 kpc vs. 70.2
+49.3
−20.7 kpc).
A7 SDSS J014036.21+234458.1
For the dwarf star SDSS J014036.21+234458.1 (Yong et al. 2013 , Figure A7 ), the astrometric and photometric distances are technically in disagreement, but the distance inferences are so similar that it does not impact our results. We infer a distance of 0.76 ± 0.02 kpc and an orbit that brings SDSS J014036.21+234458.1 close to the MW plane (|Z| < 2.5 kpc).
A8 BD+44 493
Our results for BD+44 493 (Ito et al. 2013 , Figure A8 ) are strongly constrained by the exquisite Gaia parallax, yielding a distance of 0.211 ± 0.003 kpc. Just like with SDSS J0023+0307, this star is eccentric and stays extremely close to the MW plane (|Z| < 1.5 kpc). It has an apocentre at the Solar circle.
A9 HE 0233-0343
The combined astrometric and photometric analysis of HE 0233-0343 , Figure A9 ) yields an accurate distance of 1.09 ± 0.04 kpc. Despite this, our log(g) inference is incompatible with the literature value, but the very accurate Gaia parallax lends support to our inference. Like the previous star, HE 0233-0343 remains confined to the region of the MW disc, with |Z| < 2.6 kpc and an apocentre of 11.9
+0.5 −0.4 kpc.
A10 BPS CS 22963-0004
For this UMP studied by Roederer et al. (2014), we infer a distance of 4.5 ± 0.4 kpc ( Figure A10 ). Our astrophysical parameter inference disagrees with the literature values but the MESA isochrones strongly constrain our temperature inference. The difference could hint at systematics in these isochrones or the Roederer et al. (2014) analysis. Despite the currently proximity to this star, its orbit brings it very far into the MW halo, with rapo = 155.8
−55.0 kpc.
A11 SDSS J030444.98+391021.1
The Gaia parallax of SDSS J030444.98+391021.1 (Aguado et al. 2017b , Figure A11 ) is very uncertain ( = 0.0752 ± 0.1929 mas) but, in case of the halo prior, strongly suppresses the dwarf solution (1% of the PDF). However, the orbital analysis shows that the favoured giant scenario implies that this star is not bound to the MW. According to this, we repeat the analysis with the disc+halo prior finding that the inferred distances are not significantly changed but the fractional probability of the peaks is. With this prior, the dwarf solution represents 21% of the PDF. Taking into account the orbital analysis, the dwarf solution appears to be the more realistic distance estimate (1.51 ± 0.07 kpc). This solution is also compatible with the log(g) of Aguado et al. (2017b) , contrary to the result from the giant solution. We note that a slightly larger distance for the dwarf solution would be entirely compatible with the Gaia parallax and we think that the low likelihood of the dwarf solution could be driven further down than it should by a systematic in the models we use. With our favoured close-by distance, this star has the orbit of an inner halo object.
A12 SMSS J031300.36-670839.3
For this star with the lowest iron-abundance ([Fe/H] < −6.53, Nordlander et al. 2017, Figure A12 ), we infer a distance of 12.0 ± 0.8 kpc corresponding to the giant solution (log(g) = 1.8±0.1). The literature log(g) is however in better agreement with the Gaia-only distance that is a little closer. The orbital analysis implies that this star has a fairly eccentric orbit and that, using the Gaia-only distance, it is compatible with an inner halo object. With the final posterior, we infer an outer halo orbit.
A13 HE 0330+0148
As we can see in Figure 1 , the analysis fails for this carbonenhanced star (also known as G77-61) and its location in the colour-magnitude diagram does not coincide with the isochrone models. The strong carbon bands dominate in the spectrum (Dahn et al. 1977) , where the Gaia DR2 BP filter is sensitive, leading to an abnormal value of (BP − RP ) colour and, as a consequence, this star lays outside the isochrone range. This could also explain the strong disagreement between the photometric-only and astrometric-only distance likelihood functions (see Figure A13 ). We don't think that the binarity can affects the photometry because the companion is most likely an unseen white dwarf with a period of 250 days (Dearborn et al. 1986) , which means that the Gaia DR2 magnitudes correspond to the magnitude of the star itself and not that of the binary system. In this case, we favour the Gaia-only inference with 78 ± 1 pc. HE 0330+0148 has a very radial orbit and its current position near the Sun is near its apocentre. Its orbit is close to the MW plane (|Z| < 2.8 kpc).
A14 HE 0557-4840
The inferred result on HE 0557-4840 (Norris et al. 2007 , Figure A14 ) shows it is a giant halo star at a distance of 20.0 ± 1.3 kpc. Although the peaks of the astrometric and photometric solutions are shifted by ≈ 6 kpc, these are compatible due to the Gaia parallax that is poorly constrained ( = 0.0389 ± 0.0207 mas).
A15 SDSS J081554.26+472947.5
Our results on SDSS J081554.26+472947.5 (Aguado et al. 2018b , Figure A15 ) show that the star is a dwarf that is located at a distance of 1.59 ± 0.07 kpc and orbits within the inner halo. Our stellar parameter inference is in agreement with the literature values.
A16 SDSS J092912.32+023817.0
The distance PDF for this star (Bonifacio et al. 2015; Caffau et al. 2016 , Figure A16 ) shows two solutions that are not strongly constrained due to the non-informative Gaia parallax ( = 0.1276 ± 0.1872 mas). Using a MW halo prior, the sub-giant scenario has a greater likelihood (68% vs. 32%), but it yields an orbit that is not bound to the MW. We therefore reanalyse this star using a disc+halo orbit, finding that the dwarf solution is now preferred (95% vs. 5%). Hence, this star is located at a distance of 2.4 ± 0.2 kpc (dwarf solution) and its orbit is perpendicular to the disc with r apo,dwarf = 23.5
+2.6 −1.4 kpc.
A17 SDSS J094708.27+461010.0
The distance to SDSS J094708.27+461010.0 is not constrained by the Gaia parallax ( = 0.1989 ± 0.2299 mas, Aguado et al. 2017a , Figure A17 ). However, for similar reasons to those mentioned above, we favour the dwarf scenario (distance of 3.8 ± 0.3 kpc) as a larger distance would mean that this star is not bound to the MW. The orbital analysis shows that its orbital plane is perpendicular to the MW plane.
A18 HE 1012-1540
For HE 1012 -1540 (Roederer et al. 2014 , Figure A18 ), the combination of photometric likelihood and the exquisite Gaia parallax leads to a distance of 0.384 ± 0.004 kpc and strongly implies that this is a dwarf star. It is worth noting that the inferred stellar parameters are not in agreement with the literature in which the giant solution is preferred, but the latter seems hardly compatible with the strongly constrained distance. The orbit of this star implies that it remains confined close to the MW plane but has a high eccentricity ( = 0.83
A19 SDSS J102915+172927
SDSS J102915+172927, which is currently the most metalpoor star known (Caffau et al. 2011) , is presented in Figure A19 . The dwarf solution from the photometric likelihood is in agreement with the Gaia parallax and yields a wellconstrained distance of 1.28 ± 0.05 kpc. We infer a higher surface gravity than in the literature, but our effective temperature inference is compatible. The orbital analysis shows that this star has the orbit of a disc star with an almost circular orbit around the galactic centre ( = 0.12
−0.01 ) that remains close to the MW plane (|Z| < 2.3 kpc). These orbital properties differ from but supersede those of Caffau et al. (2012) that were based on PPMXL Catalogue for proper motions (Roeser, Demleitner & Schilbach 2010, µα = −12.8 ± 3.9 mas/yr and µ δ = −6.7 ± 3.9 mas/yr).
A20 SDSS J103402.70+070116.6
Our results for SDSS J103402.70+070116.6 (Bonifacio et al. 2018 ) are shown in Figure A20 and, as we can see, the Gaia parallax does not allow us to break the dwarf/sub-giant degeneracy ( = 0.2874 ± 0.1367 mas). The dwarf solution (P dwarf = 89% vs. Pgiant = 11%) at 2.79 ± 0.26 kpc implies an eccentric orbit ( = 0.63 +0.03 −0.04 ) that remains confined to the Galactic plane (|Z| < 2.7 kpc). On the other hand, the subgiant solution at 8.3±0.6 kpc brings that star further out in the halo rapo = 24.3 +17.8 −0.0 kpc. Repeating the analysis with the disc+halo prior, the two new solutions are in agreement within the uncertainties with previous results, but now the sub-giant scenario is strongly suppressed (0.6%).
A21 SDSS J103556.11+064143.9
For this star (Bonifacio et al. 2015) , the Gaia parallax is negative and does not help to constrain the distance ( = −0.3912 ± 0.3163 mas). Our analysis implies that the dwarf solution at 3.97±0.34 kpc is more likely and this is confirmed by the orbital analysis that yields a large value for the apocentre in case of the giant solution (rapo = 147.8 +25.5 −11.8 kpc). Just like with SDSS J103402.70+070116.6 above, the literature log(g) falls in-between the two solutions we obtain and only the effective temperature inference is compatible with the literature.
A22 SDSS J105519.28+232234.0
The distance PDF for this star (Aguado et al. 2017b, Figure A22) indicates a strongly preferred distance of 3.49 ± 0.45 kpc corresponding to the dwarf solution, with the effective temperature in agreement with the literature. The inferred orbital parameters indicate an inner halo orbit.
A23 SDSS J120441.38+120111.5
The analysis on this star (Placco et al. 2015 , Figure A23 ) leads to the conclusion that this star is a subgiant located at a distance of 7.03 ± 0.54 kpc from the Sun with an inner halo-like orbit.
A24 SDSS J124719.46-034152.4
The Gaia parallax on this star is poorly constraining ( = 0.3075 ± 0.2098 mas, Figure A24 ) and, combined with the photometric likelihood, we obtain a favoured distance of 4.17 ± 0.32 kpc corresponding to the dwarf solution that has an inner halo orbit. The far less likely sub-giant solution yields an orbit that is not bound to the MW. For the stellar parameters, the inferred effective temperature is compatible with the literature value (Caffau et al. 2013b ).
A25 LAMOST J125346.09+075343.1 Figure  A25 shows our results for LAM-OST J125346.09+075343.1 (Li et al. 2015) and, as we can see, the Gaia likelihood is not in agreement with the photometric one. Our combined distance analysis favours the sub-giant scenario and a distance of 0.766 ± 0.016 kpc, which is close to the Gaia-only inference (0.698 ± 0.018 kpc). The surface gravity we infer is compatible with the value in the literature but our analysis implies a hotter star. Both the orbits from Gaia and the distance PDF show that LAMOST J125346.09+075343.1 remains confined to the MW plane, even though it has a high eccentricity ( = 0.75
A26 SDSS J131326.89-001941.4
The Gaia parallax for this object is poorly constraining ( = 0.2976 ± 0.0972 mas, Figure A26 ) and we obtain using a pure halo prior that the preferred solution, a giant (> 99% chance), is located at the distance of 8.6 ± 2.9 kpc, with the inferred stellar parameters that are in agreement with the literature (Allende Prieto et al. 2015; Aguado et al. 2017b) . From the orbital analysis, this star is classifiable as inner halo.
A27 HE 1310-0536
The Gaia parallax ( = 0.0078 ± 0.0342 mas) rules out the dwarf solution for HE 1310-0536 ( Figure A27 ; Hansen et al. 2015) and we infer a distance of 20.6 ± 0.9 kpc. The inferred stellar parameters are not in agreement with the literature, but this could stem from systematics in the red-giant-branch part of the isochrones we rely on. The orbit of this star clearly brings it in the outer parts of the halo, with rapo = 99.7
+38.3 −26.0 kpc.
A28 HE 1327-2326
The results for HE 1327-2326 are shown in Figure A28 , and, despite the fact that the Gaia and the photometric likelihoods are not in good agreement, the sub-giant scenario is clearly favoured. The distance obtained for the combined analysis is 1.21 ± 0.02 kpc (or 1.09 ± 0.03 kpc for the Gaia only analysis) and the inferred effective temperature deviates somewhat from the literature value (Frebel et al. 2008) . Even though the combined and Gaia-only distances yield significantly different orbits, they both imply halo orbits.
A29 HE 1424-0241
This giant star is located at a distance of 10.3±1.0 kpc (Figure A29 ) and the inferred stellar parameters are in agreement with the literature (Cohen et al. 2008; Norris et al. 2013 ). The orbital analysis shows that HE 1424-0241 has an inner-halo orbit with high a eccentricity ( = 0.81
A30 SDSS J144256.37-001542.7
The distance PDF for the combined analysis of SDSS J144256.37-001542.7 (Caffau et al. 2013a; Figure A30) still shows two peaks because of the poorly constraining Gaia parallax ( = −0.3910 ± 0.2981 mas). The giant solution and its distance of 11.3 ± 1.0 kpc is the preferred one with a halo prior (Pgiant = 87% vs. P dwarf = 13%) but implies an unbound orbit whereas the dwarf solution at 2.68 ± 0.27 kpc yields a more benign halo orbit with rapo = 39.1 +5.2 −2.6 kpc. Similar distances are found with a disc+halo prior but with the dwarf solution as preferred scenario (P dwarf = 84% vs. Pgiant = 16%).
A31 Pristine 221.8781+9.7844
The small Gaia parallax of Pristine 221.8781+9.7844 (Starkenburg et al. 2018;  = 0.1187 ± 0.0940 mas) rules out the dwarf solution. Hence the final picture of a subgiant located at 7.36 ± 0.55 kpc from the Sun. As we can see from Figure A31 , the inferred stellar parameters agree with the literature and the orbit we infer for Pristine 221.8781+9.7844 indicate that this star has a halo orbit almost perpendicular to the MW plane.
A32 SDSS J164234.48+443004.9 SDSS J164234.48+443004.9 ( Figure A32 ) is a dwarf star located at a distance of 2.66 ± 0.16 kpc ( Figure A32 ). The stellar parameters are compatible with the literature values (Aguado et al. 2016) . The orbital analysis suggests that this star remains confined to the MW plane, but has a high eccentricity ( = 0.72
A33 SDSS J173403.91+644633.0 SDSS J173403.91+644633.0 has a non-informative Gaia parallax ( = −0.1052 ± 0.2702 mas) that does not break the dwarf/giant degeneracy ( Figure A33 ). The dwarf solution with a distance of 5.46 ± 1.02 kpc is nevertheless strongly preferred by the photometric analysis and yields a more realistic inner halo orbit that remains bound to the MW, contrary to the giant solution. The inferred stellar parameters are in agreement with those from the Aguado et al. (2017a) analysis.
A34 SDSS J174259.67+253135.8
Similarly to the previous star, the Gaia parallax of SDSS J174259.67+253135.8 ( = −0.1628 ± 0.1870 mas) does not allow us to discriminate between the dwarf and giant solutions but the giant solution implies an orbit with a very large apocentre beyond 700 kpc and we therefore favour the dwarf solution at 4.46±0.52 kpc ( Figure A34 ). With this distance, SDSS J174259.67+253135.8 (Bonifacio et al. 2015) is on an eccentric orbit that remains close to the MW plane (|Z| < 2.7 kpc).
A35 2MASS J18082002-5104378
Schlaufman, Thompson & Casey (2018) show that this star is in a binary system. The orbital parameters they derive show that this binary system has a very low eccentric orbit and is confined to the MW plane (|Z| < 0.13 kpc). From our distance analysis, the photometric likelihood is not in agreement with the exquisite Gaia parallax ( = 1.6775 ± 0.0397 mas), but we derive a similar overall solution at a distance of 0.647 ± 0.012 kpc and stellar parameters in agreement with the literature values (Meléndez et al. 2016 , Figure A35 ). In agreement with the work from Schlaufman, Thompson & Casey (2018) , we derive that the orbit is very close to the MW plane and even confined inside the thin disc (|Z| < 0.166 kpc) with a very low eccentricity of = 0.090
A36 BPS CS 22891-0200
The PDF of BPS CS 22891-0200 (Roederer et al. 2014; Figure A36) shows that is a giant star near the tip (see also Figure 1 ), located at the distance of 14.7 ± 0.5 kpc. Our inferred stellar parameters do not match the values from the literature. The orbit of BPS CS 22891-0200 brings it far out into the halo of the MW (rapo = 64.0 +18.9 −11.1 kpc).
A37 BPS CS 22885-0096
Figure A37 presents our results for BPS CS 22885-0096 (Roederer et al. 2014) , indicating that it is a giant at a distance of 6.65 ± 0.22 kpc, even though the stellar parameters we infer differ from the literature values. The orbit of this star is confined to a very narrow plane that is perpendicular to the MW plane.
A38 BPS CS 22950-0046
The Gaia parallax for this star ( = 0.0587 ± 0.0270 mas) clearly rules out the dwarf solution ( Figure A38 ). As the plots show, this halo giant star is at a distance of 19.1 ± 0.3 kpc and the inferred stellar parameters are not in agreement with the literature (Roederer et al. 2014 ). Figure A39 shows that BPS CS 30336-0049 is located at 15.5 ± 0.7 kpc and follows an orbit that brings it far into the MW halo (rapo = 122.7 +51.1 −41.4 kpc). The inferred effective temperature matches the value from the literature (Lai et al. 2008) , while our constraints on the gravity yields a slightly lower log(g).
A39 BPS CS 30336-0049
A40 HE 2139-5432
Our results on HE 2139-5432 are summarised in Figure A40 , and they lead to the conclusion that this star is a giant located at a distance of 11.0 ± 0.9 kpc from the Sun. The inferred surface gravity is in agreement with the literature (Norris et al. 2013) but the effective temperature is slightly cooler. The inferred orbit indicates that HE 2139-5432 is an inner halo star with a high eccentricity ( = 0.79
A41 HE 2239-5019
For this star, the photometric and the astrometric likelihoods are in agreement, indicating the subgiant scenario at 4.19 ± 0.28 kpc is the valid solution ( Figure A41 ). The orbit of HE 2239-5019 brings it at fairly large distances in the halo, with rapo = 52.9 +16.6 −10.4 kpc. The inferred surface gravity and effective temperature are compatible with the values from literature .
A42 HE 2323-0256
Although the Gaia parallax is uncertain ( = 0.0038 ± 0.0359 mas), it helps break the dwarf/giant degeneracy. The final solution is that of a giant at a distance of 14.2±0.6 kpc, belonging to the halo ( Figure A42) . We obtain higher values for the effective temperature and surface gravity than Roederer et al. (2014) . Figure A1 . Left top: posterior probability (blue solid line and blue dot-dashed line respectively using a halo and a disc+halo prior), photometric likelihood (black line), and the product between the astrometric likelihood and MW prior (red solid line and red dot-dashed line respectively using a halo and a disc+halo prior) as a function of distance for HE 0020-1741. The coloured dots and the diamonds represent the position of the maxima of their same colour distribution respectively using a halo and a disc+halo prior. Center top: posterior probability as a function of log(g) (blue solid line for MW halo prior and blue dash-dot line for disc+halo prior). The gray box represents the surface gravity from literature within 1σ. Right top: posterior probability as a function of T ef f (blue solid line for MW halo prior and blue dot-dashed line for disc+halo prior). The gray box represents the effective temperature from literature within 1σ. The PDFs are rescaled to 1. Bottom panels: Blue and red lines are, respectively, the projected orbits of HE 0020-1741 for the most probable distance from PDF and for the distance from Gaia astrometric only inference in the plane YX (left), ZX (center) and ZY (right). The Galactic plane within 15 kpc (black line) and the Sun (green dot) are shown. Gray orbits represent randomisations around the values of position, distance, radial velocity and proper motions. Figure A2 . Left top: posterior probability (blue solid line and blue dot-dashed line respectively using a halo and a disc+halo prior), photometric likelihood (black line), and the product between the astrometric likelihood and MW prior (red solid line and red dot-dashed line respectively using a halo and a disc+halo prior) as a function of distance for SDSS J0023+0307. The coloured dots and the diamonds represent the position of the maxima of their same colour distribution respectively using a halo and a disc+halo prior. Center top: posterior probability as a function of log(g) (blue solid line for MW halo prior and blue dash-dot line for disc+halo prior). The gray box represents the surface gravity from literature within 1σ. Right top: posterior probability as a function of T ef f (blue solid line for MW halo prior and blue dot-dashed line for disc+halo prior). The gray box represents the temperature from literature within 1σ. The PDFs are rescaled to 1. Bottom panels: Blue and orange lines are, respectively, the projected orbits of SDSS J0023+0307 for the most probable distance and for the second peak in the distance posterior in the plane YX (left), ZX (center) and ZY (right). The Galactic plane within 15 kpc (black line) and the Sun (green dot) are shown. Gray orbits represent randomisations around the values of position, distance, radial velocity and proper motions. Figure A4 . Same as Figure A2 , but for HE 0057-5959. For this star, the orbit inferred from the product between the astrometric likelihood and MW halo prior is shown with the red line. Figure A6 . Same as Figure A2 , but for HE 0134-1519. For this star, the orbit inferred from the product between the astrometric likelihood and MW halo prior is shown with the red line. Figure A8 . Same as Figure A2 , but for BD+44 493. For this star, the orbit inferred from the product between the astrometric likelihood and MW halo prior is shown with the red line. Figure A13 . Same as Figure A2 , but for HE 0330+0148. For this star, the orbit inferred from the product between the astrometric likelihood and MW halo prior is shown with the red line. Figure A28 . Same as Figure A2 , but for HE 1327-2326. For this star, the orbit inferred from the product between the astrometric likelihood and MW halo prior is shown with the red line. Figure A35 . Same as Figure A2 , but for 2MASS J18082002-5104378. Figure A36 . Same as Figure A2 , but for BPS CS 22891-0200. The literature value for surface gravity is out of range in the plot. For this star, the orbit inferred from the product between the astrometric likelihood and MW halo prior is shown with the red line. Figure A38 . Same as Figure A2 , but for BPS CS 22950-0046. The literature value for surface gravity is out of range in the plot. Tracing the formation of the MW through UMPs 45
APPENDIX B: COMPARISON WITH VALUES FROM THE LITERATURE
A global comparison between the stellar parameters inferred in this work and the values found in the literature is reported in the two panels of Figure B1 . As we can see, we find a broad agreement for the effective temperature (left panel) and the surface gravity (right panel). Possible systematics are involved both in our method (e.g. T eff −log(g) relation in the MESA/MIST isochrones) and the multiple spectroscopic methods used by different authors (e.g. grid based models, synthetic spectra, data-driven analysis etc.). 
